Abstract -Globally, huge amounts of synthetic herbicides are used to manage weeds in arable lands. However, their widespread use has resulted in various toxicological effects on the environment and human health, besides resulting in the emergence of herbicide-resistant weed biotypes.
INTRODUCTION
Phalaris minor Retz., family Poaceae, commonly known as small-seeded or littleseed canary grass, is a troublesome weed of wheat fields in India (Singh S. et al., 1999) . Its interference with wheat crops reduces both the quality and quantity of produce. The management of this weed is a big challenge owing to its mimicry of wheat crops and evolution of herbicidal resistance towards herbicide isoproturon. In India, since the first report of its herbicidal resistance towards isoproturon, the weed has spread to most fertile farming land and has even threatened the viability of wheat in wheat-rice cropping systems (Singh S. et al., 1999) . This has resulted in excessive use of herbicides, which may have long-term effects on environmental sustainability and human health. There is thus a need to search for alternative chemicals for effective and sustainable management of P. minor. In this context, efforts are being made towards a search for chemicals that quickly break down in the environment and possess novel target sites. Natural plant products that play a variety of physiological roles possess these two properties and thus can serve as a source of novel herbicides (Duke et al., 2000) . Since antiquity, natural volatile essential oils from aromatic plants have been known for their characteristic odour and antifungal and insecticidal properties. These have been ranked as crop protectants because of their low mammalian toxicity and safety to the user and environment (Isman, 2000) . Essential oils from a number of aromatic plants are allelopathic and suppress the growth of other plants (Singh H.P. et al., 2003) . Recently, studies have explored their utilisation for weed management under organic agricultural practices (Dudai et al., 1999; Tworkoski, 2002; Angelini et al., 2003; Mowe et al., 2004) . It is thus worthwhile to explore the utilisation of essential oils for the management of P. minor as a component of an Integrated Weed Management (IWM) strategy.
In the search for potential sources of essential oils, Eucalyptus citriodora, commonly known as lemon-scented eucalypt, was selected for the present study. It is a tall, graceful tree with drooping foliage and planted in Indian plains in gardens, parks, roadsides and in farmers' fields under various forestry and agroforestry programmes. The leaves and even buds and stem of the tree yield an essential oil that is commercially important due to a rich content of citronellal. The oil possesses pesticidal (nematicidal and antibacterial as well as antifungal) properties, and is used in perfumery and as a flavouring agent (Isman, 2000; Cimanga et al., 2002; Ramezani et al., 2002) . Further, a number of eucalypt species are allelopathic and suppress other plants by releasing volatile oils into the surrounding environment (Alves et al., 1999) . Recently, their oil has been found to suppress the germination, growth and chlorophyll content of several plants, including weeds such as Parthenium hysterophorus, Amaranthus viridis, Cassia occidentalis and Echinochloa crus-galli (Batish et al., 2004; Singh H.P. et al., 2005) . Further, the oil possesses some species specificity and among tested species, the inhibitory effect was more against Amaranthus viridis and less against others such as Raphanus sativus, maize and wheat (Batish et al., 2004) . Keeping in mind the phytotoxicity of eucalypt oil, the objective of the present study was to assess the phytotoxic effects of eucalypt oil against Phalaris minor through a series of laboratory and pot experiments with a view to exploring its use as one viable option under Integrated Weed Management.
MATERIALS AND METHODS

Extraction of essential oil
Mature and healthy leaves of lemon-scented eucalypt (Eucalyptus citriodora Hook.) were collected from the nearly 25-year-old trees growing on the campus of Panjab University, Chandigarh, India. These were fully expanded, mature, and green in colour, and collected at a height of nearly 6 m from the ground level. The leaves have an average chlorophyll content of 2.81 ± 0.15 μg/mg dry weight, protein content of 79.4 ± 1.24 mg/g dry weight, and C/N ratio of 39.73 (Batish et al., 2006) . Volatile oil was extracted from freshly collected leaves by steam distillation using Clevenger's apparatus. For this, 250 grams of freshly chopped leaves were mixed with 1 litre of distilled water in a 2-litre round-bottom flask fitted with a condenser. The mixture was boiled for 1 hour and oil collected from the nozzle of the condenser. It was dried using sodium sulphate and stored at 4
• C until further use. The chemical composition of the eucalypt oil used in the present study has been reported elsewhere (Batish et al., 2006) . The oil was a composite mixture of a variety of monoterpenes such as citronellal, citronellol, isopulegol, isoisopulegol, linalool and β-citronellene, with citronellal being the major one, followed by citronellol and isopulegol isomers (Batish et al., 2006) .
Dose-response studies under laboratory conditions
Seeds of littleseed canary grass (Phalaris minor Retz.) were collected locally from the infested wheat fields selected on the outskirts of Chandigarh, India. These were scarified using concentrated sulphuric acid for 2 minutes and washed with distilled water three times. Scarified seeds divided into seven groups of 100 each were soaked in distilled water for 18 h for imbibition prior to dose-response germination testing. Imbibed seeds were placed equidistantly in 15-cm-diameter Petri dishes (5 Petri dishes; 20 seeds each) lined with a double layer of Whatman no. 1 filter paper moistened with 7 mL of distilled water. The filter paper was treated with 1.428 × 10 −3 , 3.57 × 10 −3 , 7.14 × 10 −3 , 14.28 × 10 −3 , 35.7 × 10 −3 and 71.4 × 10 −3 % (v/v) or 0 (control) of eucalypt oil. The concentrations used in the present study were based on an earlier study (Batish et al., 2004) . Immediately after treatment, Petri dishes were sealed with paraffin film. A similar set-up without eucalypt oil treatment served as control. For each treatment, there were five replicates of 100 seeds (20 seeds each in 5 Petri dishes) with a total of 25 Petri dishes. All the Petri dishes were placed in a completely randomised manner inside a growth chamber at 20 ± 2
• C temperature, 16/8 h light/dark photoperiod of approximately 150 μmol/m 2 /s photon flux density and a relative humidity of around 70%. After one week, the number of germinated seeds and length (including both root and shoot) and dry weights of emerged seedlings were measured. Besides, the leaves (cotyledonary) were plucked from emerged seedlings and their chlorophyll content and respiratory values determined. The entire experiment was repeated.
Determination of total chlorophyll content
Since visually the seedlings emerged during the laboratory dose-response study had yellow cotyledonary leaves, indicating a sign of chlorosis, we determined chlorophyll content. Moreover, the spray-treated plants were also visibly paler and yellow in colour. Chlorophyll content gives an indirect idea of the effect of oils on the photosynthetic apparatus of the target plants, as any change in its content is likely to affect the photosynthetic ability and thus growth of the plants.
For all plants from all treatments, chlorophyll was extracted from 25 mg of leaves in 4 mL of dimethyl sulphoxide (DMSO) following the method of Hiscox and Israelstam (1979) . Its concentration was determined spectrophotometrically as per the equation of Arnon (1949) and expressed on a dry weight basis as suggested by Rani and Kohli (1991) .
Estimation of respiratory activity
Respiratory activity was not measured per se as CO 2 exchange, but rather indirectly as a measure of tissue viability using 2,3,5-triphenyl tetrazolium chloride (TTC). TTC captures the electrons from the mitochondrial electron transport chain and forms a red-coloured formazan. It provides an indirect measurement of cellular respiration (Maness et al., 1999) . In other words, it provides an idea of the loss of viability/death of the plants, as visually observed, in response to eucalypt oils. Furthermore, the essential oils, being lipophilic, affect the functioning of membranes, so any change is likely to manifest in altered cellular respiration as the chain is attached to the mitochondrial membrane.
Respiratory activity was determined indirectly using 2, 3, 5-triphenyl tetrazolium chloride following the method of Steponkus and Lanphear (1967) . In this method, waterinsoluble red formazan so formed was extracted in ethanol, its absorbance read at 530 nm and the values expressed with respect to the control.
Greenhouse study
Fifteen seeds of P. minor were sown in 15-cm polypropylene pots, each pot filled with 1500 g of garden soil (soil:sand, 3:1, w/w). A week after emergence, these were thinned to 7 seedlings per pot. The plants were watered daily and grown under experimental dome conditions with a day:night cycle of 14 h light:10 h dark; photoperiod of approximately Alternative control of littleseed canary grass using eucalypt oil 173 150 μmol/m 2 /s photon flux density; day/night temperature of 22 ± 2
• C / 12 ± 2 • C; and a relative humidity of around 75 ± 3%. On the 7th and 21st days after emergence, pots were flushed with half-strength Hoagland nutrient solution (Hoagland and Arnon, 1950) . When the plants were 4 weeks old (at the 3-4 leaf stage), these were spray-treated with 0 (control), 0.5, 2.5, 5, 7.5 and 10% (v/v) of eucalypt oil solution applied (@125 mL.m −2 ) with a handheld sprayer. These concentrations were different from those used in the laboratory bioassay and based on an earlier study against Echinochloa crus-galli and Cassia occidentalis (Batish et al., 2004) . There were five replicates per treatment, maintained in a completely randomised manner. Seven and 21 days after treatment (DAT), three plants were uprooted from each pot, their dry weight was determined and leaves were subjected to estimation of chlorophyll content and respiratory activity (as detailed above). Dry weight was determined after keeping the plants in an oven at 75
• C for 72 h.
Effect on membrane leakage
Another experiment was performed to study the impact of lemon-scented eucalypt oil on the membrane integrity by measuring solute (ion) leakage from the P. minor tissue upon treatment with eucalypt oil, following the method of Duke and Kenyon (1993) . For this, 100 mg fresh leaves were collected from 3-week-old plants of P. minor (2-leaf stage) grown in the experimental dome under the same set of conditions as described earlier for the greenhouse studies. These were dipped in 5 mL of 1 mM buffer (2-[N-morpholino]ethanesulphonic acid sodium salt, pH 6.5) containing 2% sucrose with eucalypt oil (at the concentration (28.56 × 10 −3 )%, v/v) dissolved in Tween-80. The concentration used was based on IC 50 values (ranging from ((14.4-38.0) × 10 −3 )%, v/v) obtained in a dose-response experiment under laboratory conditions. A parallel control was maintained containing the same amount of Tween-80 but without eucalypt oil. The conductivity of the bathing medium containing plant tissue with or without eucalypt oil was determined using a conductivity meter (ECOSCAN CON5, Eutech Instuments Pte. Ltd., Singapore). Measurements were made at regular intervals (0, 1, 2, 4, 8, 12, 16, 18 and 20 h) for 20 hours in the dark followed by exposure to light for 10 hours (at 22, 24, 26, 28 and 30 h) . Maximum electrolyte leakage was determined by measuring the conductivity of samples after boiling for 10 minutes. The whole experiment was repeated with 5 replicates each time.
Statistical analysis
For each experiment, there were five replicates per treatment in a completely randomised block design. All experiments were repeated to ensure the reproducibility of results and the data presented is a mean of two experiments. The data for seed germination, seedling length and weight determined after one week were subjected to dose-response analysis. Dose-response curves were derived by plotting the concentration (on the x-axis, log scale) and percent response (on the y-axis) using GraphPad Prism version 4, and IC 50 values determined from the response curve. Chlorophyll content and respiratory value, and dry weights determined after foliar treatment of 4-week-old P. minor plants under experimental dome conditions are presented as percent reduction relative to control, and analysed by regression models using SPSS/PC software version 10.
RESULTS AND DISCUSSION
Effect on germination and early growth
Germination and initial growth of P. minor decreased significantly in response to treatment with lemon-scented eucalypt oils (Fig. 1) . At (7.14 × 10 −3 )% (v/v) eucalypt oil, germination ceased, whereas at lower concentrations it was significantly less compared with control. The magnitude of the inhibitory effect was more on seedling growth than germination (Fig. 1) . It was also evident from IC 50 values, i.e. those concentrations at which there was a 50% inhibition. It was (14.31 × 10 −3 )% (v/v) for seedling length, (36.02 × 10 −3 )% (v/v), for seedling weight and (35.92 × 10 −3 )% (v/v) for germination. We have presented the data on seedling length rather than shoot or root length, as there was not much difference in the inhibition levels of roots and shoots when measured separately. These results indicate that lemon-scented eucalypt oil severely affects emergence and early seedling growth of P. minor, and its phytotoxicity is worth further exploration.
Though the mechanism of the inhibitory effect of eucalypt oils remains unknown, it might be speculated that eucalypt oil inhibits the mitotic activity of growing cells. It becomes pertinent in view of available reports that volatile terpenes from Salvia spp. (Lorber and Muller, 1976) , cineole , cineole herbicide -cinmethylin (El-Deek and Hess, 1986), and essential oils from cinnamon (Cinnamomum zeylanicum Blume) and red thyme (Thymus vulgaris L.) (Vaughn, Figure 2 . Photograph showing the effect of lemon-scented eucalypt oil at different concentrations on P. minor. At a low concentration (2.5%, v/v), there was a reduction in growth and appearance of small brown-coloured necrotic spots. With an increase in concentration, the number and size of necrotic spots increased and plants started wilting. At 5% spray-treatment concentration, plants were very poor in growth, wilted and almost killed; whereas at still higher concentrations, plants were completely suppressed. It shows that eucalypt oils possess potential for use as a bioherbicide against P. minor.
1991) impair the mitotic activity. Treatment of onion cells (data not presented) proved that eucalypt oil is able to disrupt mitosis.
Effect of eucalypt oil on P. minor under greenhouse conditions
Application of the lemon-scented eucalypt oils on the potraised 4-week-old P. minor plants under greenhouse conditions caused phytotoxic symptoms including wilting, discolouration of plants and formation of necrotic spots (Fig. 2) . There was even a gradual loss of weight of P. minor plants measured 7 and 21 days after treatment (Fig. 3) , thereby indicating less carbon accumulation. The weight loss was more after 21 days. At 2.5% eucalypt oil treatment, plants were initially wilted, and showed a large reduction in chlorophyll content, but recovered after 21 days. However, plants treated with 5% concentration showed some signs of recovery after 28 days, but with retarded growth and chlorotic leaves.
Effect on chlorophyll content and respiratory activity
The content of chlorophyll pigment and respiratory activity in the one-week-old plants decreased in response to eucalypt oil (Fig. 4, Panel A) . In response to (35.7 × 10 −3 )% (v/v) eucalypt oil, nearly 74 and 55% reduction in chlorophyll content and respiratory activity of P. minor were observed. The IC 50 value for chlorophyll content was measured to be (2.38 × 10 −3 )% (v/v), whereas IC 50 for respiratory activity was (14.88 × 10 −3 )%. Lower IC 50 values for chlorophyll content than for respiratory activity indicate that eucalypt oils affect the chlorophyll content even at low concentrations. Even upon spray treatment of P. minor plants with eucalypt oil under greenhouse conditions, there was a significant decrease in chlorophyll content and respiratory activity of 4-week-old P. minor plants when measured 7 or 21 days after treatment (Fig. 4, Panel B) . The inhibitory effect was concentrationdependent and at lower concentrations (0.5 and 2.5%) the effect was less. In contrast, at higher concentrations (5% or more), there was a severe reduction in chlorophyll content as well as respiratory activity. In response to 7.5% eucalypt oil, chlorophyll content and respiratory activity decreased by nearly 80 and 76%, respectively, after 21 days. Although at lower concentrations (2.5%) there was less effect, the plants were visibly weak, and thus competitively poor and caused less interference with the wheat crop. The negative effect of eucalypt oils on the chlorophyll content and the respiratory activity of P. minor under both laboratory assay and spray-treatment studies indicates that oil affects the photosynthetic and respiratory apparatus of P. minor plants. Although the exact mechanism of chlorophyll loss due to eucalypt oil treatment is unknown, it could be due to either inhibition of chlorophyll synthesis or enhanced chlorophyll degradation or both; or interference with leaf air diffusibility and related parameters (Polova and Vicherkova, 1986) . However, the constituent monoterpenes of eucalypt oil (cineole, citronellal, citronellol and limonene) reduce chlorophyll content, and thus eucalypt oils indirectly interfere with Under laboratory conditions, in control seedlings, chlorophyll content = 8.00 ± 1.40 μg/mg, respiratory activity = 1.636 ± 0.267 (mean extinction value at 530 nm); under greenhouse conditions, in untreated control, 7 DAT: chlorophyll content = 14.34 ± 0.18 μg/mg, respiratory activity = 1.709 ± 0.218; in untreated control 21 DAT, chlorophyll content = 14.59 ± 0.15 μg/mg and respiratory activity = 1.673 ± 0.048. Regression equations: under laboratory conditions, chlorophyll content = 35.26 + 30.03x; respiration = 11.88 + 37.56x; under greenhouse conditions, for chlorophyll content, 7 DAT = 14.37 + 53.49x; 21 DAT = 45.6 + 46.1x; for respiration, 7 DAT = -1.31 + 7.79x; 21 DAT = 7.53 + 9.50x. the photosynthetic process Singh H.P. et al., 2002a, b) . Recently, essential oils from Dhatelo (Prinsepia utilis Royle) affected the stomatal functioning of faba bean (Vicia faba L.) by inhibiting K + flux in the guard cells (Rai et al., 2003) .
A decreased level of chlorophyll directly results in less productivity and thus weaker seedlings, as observed. Further, such weaker seedlings will possibly be under more biotic stress to compete with the crop plants, as also indicated by the effect on respiratory activity. The IC 50 value for respiratory activity is greater because during initial stress (induced by low concentration of eucalypt oils) plants could cope by increasing the metabolic rate, whereas at higher concentrations there is probably a severe metabolic dysfunction resulting in decreased respiration rates. The loss of respiratory activity may affect the energy metabolism of the plants, which may in turn affect the synthesis of macromolecules and subsequent plant growth (Peñuelas et al., 1996) . Monoterpenes, the constituent of eucalypt oils, act as uncouplers of oxidative phosphorylation (Abrahim et al., 2000) .
Effect of eucalypt oil on membrane leakage
Eucalypt oil caused excessive ion leakage from P. minor tissue that resulted in a significant increase in the conductivity of the bathing medium containing eucalypt oil (R 2 = 0.98) compared with the control (Fig. 5) . The conductivity of the bathing medium increased rapidly with time, becoming prominent after 8 h and continuing until 30 h, irrespective of the light or dark period. After 8 h, conductivity of eucalypt oiltreated samples was over 2.24 times more than untreated control (Fig. 5) and increased further to nearly 4 times that of control after 24 h. At 30 h, the electrolyte leakage was nearly 93% of the maximum leakage observed in the boiled tissue. This experiment indicates the possible primary effect of lemonscented eucalypt oils on membrane permeability, which in turn is indicative of oxidative stress. Such an impact of volatile oils on membrane integrity is not new. Earlier, Lorber and Muller (1976) reported that volatile terpenes from Salvia leucophylla damage cell organelle membranes, particularly mitochondrial, resulting in structural breakdown at a cellular level. The disintegration of the mitochondrial membrane in turn severely affects the electron transport during the respiratory mechanism. Likewise, Sikkema et al. (1995) and Tworkoski (2002) reported that essential oils and their monoterpenes damage the membrane by causing excessive ion leakage. In the present study, no attempt was made to assess the effect of eucalypt oil on the mitochondrial membrane; however, based upon the available literature, it could be possible that the inhibition of respiration observed at the electron transport level in this study may be due to mitochondrial membrane damage. However, the observed changes in respiratory activity (linked to the chain) and chlorophyll content seem to be the secondary manifestations of eucalypt oil triggered by changes in membrane integrity that could be the primary effect of eucalypt oils.
Though lemon-scented eucalypt oil exerts phytotoxicity against P. minor worth exploitation as a bioherbicide, it is difficult to comment upon its use as a pre-or post-emergent as the present study was conducted only under laboratory and experimental domes in simulated conditions, and field studies are lacking. However, based on the available literature (Batish et al., 2004; Singh H.P. et al., 2005) , and the results obtained in the present study, it might better be used at post-than preemergent levels. It is easy to extract eucalypt oils from the foliage by hydrodistillation and yield is higher in E. citriodora (1.6-1.7%; v/w, on a fresh weight basis) compared with E. tereticornis and E. globulus -the other commonly grown species from which oil is extracted in India. Rather, the utilisation of natural plant products (either in pure form or as crude extracts or essential oil) now offers one of the viable options for sustainable weed management (Singh H.P. et al., 2003; Ferron and Deguine, 2005; Xuan et al., 2006) . Even some of these, such as parthenin (a sesquiterpene lactone from Parthenium hysterophorus), have shown remarkable activity against billy goat weed (Ageratum conyzoides L.) without any effect on wheat (Batish et al., 1997) . As regards the species selectivity of eucalypt oils, earlier studies have established that eucalypt oils exhibit differential activity against different plant species (Batish et al., 2004) . These authors observed that eucalypt oils severely impair germination and early growth of Amaranthus viridis (a weed of winter wheat in India) and there was less effect on maize and Raphanus sativus. However, further studies regarding species selectivity against weeds in wheat crops are required to evaluate its utilisation for weed management in wheat fields. The eucalypt oils, being lipophilic, do not dissolve well in water. However, their solubility is not a problem, since constituent monoterpenes are partially soluble and phytotoxic even at lower solubility rates (Weidenhamer et al., 1993) . Further, these can be brought into a solution form with some surfactants. Additionally, the use of ionic as well as non-ionic surfactants can reduce the effective concentration of eucalypt oils; although no such report is available concerning eucalypt oils.
CONCLUSION
The present study concludes that lemon-scented eucalypt oils affect the emergence, growth and physiology of P. minor and thus could serve as a possible bioherbicide. Eucalypt oil could also be included as one viable option in place of synthetic herbicides under sustainable agricultural practices involving Integrated Weed Management strategies. These could thus help in maintaining and preserving the sustainability of agricultural land that is fast deteriorating due to residual and toxicological effects of synthetic herbicides.
